Hearts from 7-day-old chick embryos were separated by 0.05% trypsin and subsequently cultured in a medium containing low (1.4 niM) and normal (4.4 to 5.6 mM) potassium (K) concentration. A method was developed for controlling environmental conditions (pH, temperature, osmolarity) of 1-to 3-dayold cultured heart cells during intracellular recording with microelectrodes. No apparent differences were noted in the measurement of the several components of the action potential as a function of incubation time. Action potential configurations recorded from cells in dense areas of a culture were noticeably different from those potentials obtained in sparse areas of the same culture; the latter were similar to those of the slowly conducting cardiac junctional tissues. This difference was observed both in the presence of normal and low K. The transmembrane potential recorded from cells in densely populated areas in the normal K medium was characterized by large amplitude and steady, high resting potential whereas that recorded from cells in similar areas in the low K medium had a small amplitude, low resting potential and prominent diastolic depolarization. The tissue cultured in low K also showed a tendency to fibrillate and spontaneously defibrillate.
• Since a culture of heart cells is structurally simpler than the normally organized myocardium, several investigators have employed this preparation as a biological system for studying the electrophysiological properties of cardiac muscle (1-3; 3 contains a summary of the work of Lehmkuhl and Sperelakis). The present study is designed to define experimental conditions suitable for studying the functional differentiation of embryonic heart cells Accepted for publication October 17, 1967. by electrophysiological means. The data show that a culture of heart cells is not a physiologically uniform preparation since cells in some areas behave like "ordinary" myocardial cells while others behave like "junctional" cardiac cells. Furthermore, in the presence of a low K medium, it is possible to show that cultured chick heart cells respond much in the same manner as the adult mammalian myocardium under similar conditions (4) (5) (6) (7) (8) (9) .
Methods

TISSUE CULTURE
In each experiment, the hearts of two to four 7-day-old chick embryos (White Leghorns) were excised in sterile Howard-Ringer solution (10) . The aortic vessels were then removed and an apex-to-base incision was made to clear the hearts of the residual blood. The hearts were then transferred to a 25-ml Erlenmeyer flask containing a teflon-coated magnetic bar and 10 ml of 0.05% trypsin (Nutritional Biochemical Corp. 1-300) in Ca-free, Mg-free, phosphate buffered solution at 37°C. The latter solution contained (g/liter) NaCl, 7.4; KC1, 0.40; Na 2 0.05 and was adjusted to pH 7.3 by adding NaOH. After 10 min of gentle agitation, the supernatant fluid was discarded and 3.3 ml of a fresh, prewarmed trypsin solution was added to the flask. The hearts were stirred for 8 min, after which the cell suspension was transferred to a centrifuge tube containing 20 ml of cold culture medium. This procedure was repeated two more times with fresh, prewarmed trypsin solution to dissociate the tissue completely. The cold cell suspension was filtered through sterile bolting silk (200 mesh/inch) to remove clumps of tissue and subsequently centrifuged at 227 X g for 10 min at 0°C. After discarding the supernatant fluid, the pellet was resuspended in 1.0 ml of culture medium (pH 7.4) and a cell count of the suspension was then made. It was usually necessary to redilute the suspension to seed the cells in plastic culture dishes (Falcon Plastics, 35 mm) at concentrations of 10 5 to 10° cells/dish. The culture dishes were incubated from 1 to 3 days in a humidified chamber at 37°C through which flowed a mixture of 5% CO,, 40% O«., and 55%
No. Table 1 lists the composition of the cell culture media. All media contained in addition penicillin G (99 units/ml) and streptomycin sulfate (36 fj,g/m]). Although the amount of phenol red in the nutrient Medium 199 was diluted to a concentration of 4.0 mg/liter in the complete culture media, it was still sufficient to act as a pH indicator. The chick embryo extract was an ultrafiltrate prepared according to the method of Kaighn et al. (12) . Both horse serum and embryo extract were dialyzed against the K-free salt solution for 24 hr at 4°C on a rocking platform. All prepared solutions and media were sterilized by filtration (Millipore type HA). Protein containing solutions and sera were stored at -20°C; chick embryo extract at -56°C. Flame photometry was used to determine the K concentration of horse serum (4.0 mM) and embryo extract (30.0 mM); colorimetric analysis was used to determine the Ca concentration of horse serum (2.9 mM) and embryo extract (2.2
ELECTRICAL RECORDING
At the beginning of each experiment, a layer of nontoxic mineral oil 1 was poured over the surface of the culture medium to prevent evaporation. This procedure did not hinder the diffusion of CO 2 and it was possible to monitor pH by observing the color of the indicator in the medium. The culture dish was then placed in an aluminum water chamber ( Fig. 1 ) that was mounted on the stage of a compound light microscope. The temperature in the culture dish was maintained between 35°C and 37°C by circulating water at 50°C from a thermostatically controlled water bath through the channels of the chamber. The pH was kept constant by streaming a humidified mixture of 90% O 2 -10% CO 2 through a circular brass ring having openings slanted toward the culture medium surface and then mixed with room air.
Transmembrane potentials were recorded between an intracellular microelectrode 'and a distant reference electrode. The microelectrode was a Ag,AgCl/3 M KC1 half-cell terminated by a glass micropipette filled with the same electrolyte (d-c resistance 20 to 50 megohms). The reference electrode was a Ag,AgCl/3 M KC1 half-cell connected to the culture medium through an agar-saline bridge (2% agar in K-free Modified Earle's Balanced salt solution. Both electrodes were independently and rigidly attached to Leitz micromanipulators; the latter and the microscope were bolted to a shock insulated common baseplate. A high impedance preamplified (Bioelectric Instruments DS2C), dual-beam oscilloscope (Tektronix 502A) and an oscillographic camera (Grass C4) completed the recording system. 
Results
Low power observations of heart cells from 14 cultures showed centrally located dense areas of cells packed in mono-and multilayers, while peripheral areas contained cells in a loosely arranged monolayer pattern (Fig. 2 ). This arrangement was noted even though the cells were a randomly mixed population dispersed over the surface of the culture dish by gentle swirling. To what extent the swirling procedure contributed to the cellular alignment on the surface of the culture dish remains to be determined. Action potentials recorded from 33 contracting cells in dense regions (Fig. 3A) were significantly different in configuration and amplitude from those potentials obtained from 23 contracting cells in sparse regions (Fig.  3B ). In media with normal K (Fig. 3 , top) and low K (Fig. 3, bottom) , the potentials from cells in sparse areas were generally characterized by a small amplitude and overshoot, low resting potential and slow velocity of rise. On occasion, slowly rising, notched upstrokes were observed in potentials obtained from a cellular "bridge" situated between two areas beating at different frequencies. Similar notches or "steps" in the rising phase have been observed in cultured heart cells by others (1,3).
Heart cells from the same dissociation were cultured for 1 to 3 days in media containing 1.4 mM K and 4.4 to 5.6 mM K. During this time, no major changes were noted in the transmembrane potentials recorded from cells in dense areas of the spontaneously beating cultures. The number of cells in sparse regions that were impaled was insufficient to exclude a change in action potential configuration as a function of time of culture. The data from dense areas were combined ( Table 2 ). It is evident that low K: (a) effectively depolarizes the cells, (b) enhances the development of an unstable diastolic potential, and (c) decreases the rate of spontaneity. The statistical analysis of the data in Table 2 strongly supports the conclusion that the differences of P values of comparisons between cells in low and normal K were statistically significant at the level of P < 0.0005, except for resting potential values (P < 0.01).
smi-
FIGURE 4
Transmembrane potentials recorded from a fibrillating cultured heart cell (1-day-old) following mechanical stimulation in a K-poor medium. Vertical bar equals 100 mv. Horizontal bar equals 500 msec (1-7) and 200 msec (8) .
the sample records in Figures 3 and 5 are attributable to differences in K concentration.
Since the cells in media with normal [K + ] were spontaneously active, some obviously served as pacemakers. The record on the upper right of Figure 3 shows a relatively slow transition between a steady resting level and the upstroke of an action potential. This configuration is typical for regions of the adult heart where conduction is extremely slow (AV node); but records obtained in solution with normal [K + ] rarely showed a slow depolarization immediately after the end of the preceding action potential, a feature which is generally observed in true pacemaker regions. On the other hand, records obtained from more than 100 cells incubated in the medium with a low [K + ] all showed some degree of diastolic depolarization.
The prolonged phase of repolarization (plateau) was most prominent in potentials recorded from cells in the medium with low K, although not every cell in this medium elicited an action potential with a prolonged plateau. Cultures in a low K medium were, on the average, found to beat more slowly (Table 2); in this respect Figure 3A represents an exception.
In several experiments, impalement of a cell located in a dense area of the culture caused a cessation of contraction. In some instances, the membrane potential remained constant, while, in others, the potential gradually increased. Rhythmic oscillations then appeared, accompanied by cellular contractions; this finding confirms previous reports (2, 3).
On occasion, impalement of a cell in a densely populated confluent network was followed by fibrillation. This event was observed only in a K-poor medium. A normal rhythmic pattern spontaneously reappeared within 3 to 5 min ( Fig. 4 ). Due to limited microscopic resolution, it was not possible to ascertain whether single cells within the fibrillating area still contracted synchronously or whether subunits of single cells were out of phase (13) .
A series of experiments was performed to determine whether cultured heart cells respond to rapid changes of the ionic environment. Records obtained 24 hr after culturing cells in a medium containing 5.4 mM K are shown in Figure 5A . The location of the cells in the culture dish was noted and the culture medium was replaced by a salt solution containing 1.0 mM K. After 30 min, records were obtained from cells in the previously noted area. The potentials showed an unstable diastolic phase, prolonged plateau and lower resting potential (Fig. 5B ). Approximately 2 hr later, the cells were equilibrated with a salt solution containing 8.0 niM K. A marked decrease in the slope of diastolic potential, action potential duration and resting membrane potential was noted (Fig. 5C ). Therefore, this experiment eliminates the possibility that the observed electrophysiological data obtained in media with low K are due to metabolic effects resulting from long-term potassium depletion [i.e. a period of time much longer than the time required for the intracellular K concentration to reach a new steady state (14) ].
Discussion
TISSUE CULTURE METHODS
Although it is difficult to quantify the cellular damage induced specifically by dissociation procedures, recent studies have shown a disruption of cellular organization following the use of trypsin (13, 15, 16) . Furthermore, prolonged use of trypsin enhances spontaneity and diminishes resting potentials of normally quiescent frog skeletal muscle preparations (17) ; it may also result in lower resting potentials recorded from cultured embryonic chick heart cells (3) . In the present study, an attempt is made to eliminate these effects by modifying the procedure using trypsin. A comparison of the data summarized in Table 2 with those obtained by others (1-3) illustrates certain advantages of the present technique. Not only are the recorded potentials larger in magnitude than those previously reported (1-3), but, in addition, they rarely demonstrate pacemaker potentiality unless in a medium favorable for this type of activity. However, the possibility still exists that enzyme preparations other than trypsin might be more suitable for maintaining the integrity and physiological characteristics of the dissociated cardiac cell.
Since culture media usually contain tissue extracts and serum of unknown ionic composition, it was necessary to control accurately the concentration of at least two cations, calcium and potassium, known to have a profound effect on the electrical activity of car-CircuUtion Research, Vol. XXI, December 1967 diac muscle. The serum and extract were dialyzed against a K-free solution (2.7 mM Ca) and the K concentration of the media was adjusted by adding varying amounts of a concentrated K solution (see Table 1 ).
Although previous studies indicated detrimental effects of physiological saline on cultured cells (18, 19) , recent data show that isolated chick heart cells can be maintained for short periods in physiological saline without injury (20) . The usefulness of this technique for electrophysiological studies has been substantiated in the present report.
EFFECTS OF K
There is a high probability that recordings from a given cultured heart cell in low K medium will show a significant diastolic depolarization and lowering of the resting potential. It has been demonstrated for mammalian Purkinje fibers, by measurements of electrical conductance, 42 K movement, and membrane potential, that a reduction of the extracellular K concentration below the limit of about 2.7 mM decreases potassium permeability of the surface membrane (21) . Furthermore, ion flux studies of cultured heart cells have shown that reduction of extracellular potassium from 5.8 mM to 1.2 mM causes a significant decrease of sodium efflux (14) . Both effects might contribute to the resting potential becoming unstable at low K levels, an observation which has actually been made on Purkinje fibers (8, 21) and is now reported for cultured heart cells.
In general, cultured heart cells in the presence of low K generate a prolonged action potential. This finding is consistent with previous reports on intact mammalian cardiac muscle (5, 22, 23) and Purkinje fibers (5, 8, 9, 21) . The increased duration is explainable by a diminished permeability for K + . The development of a lower frequency due to low K has also been noted by others working with mammalian hearts (22, 23) . This finding is contrary to earlier reports (5) , in which 0.5 mM K gave rise to an increase in the rate of diastolic depolarization. Since low K has been shown to (a) speed the rate of diastolic depolarization and (b) lengthen the action po-CircvlaHon Research, Vol. XXI, December 1967 tential duration, any observed changes in rate would then be dependent on which of the two effects is quantitatively more important.
Isolated cardiac tissue bathed in low K is capable of developing automaticity (4, 5, 7) . A prolonged exposure to low K may cause extrasystoles and fibrillation (7, 22, 24, 25) . It is possible to induce fibrillation mechanically in heart cells cultured in a medium with low K. Shortly thereafter, the cells proceed to defibrillate spontaneously and resume normal rhythmic activity. In the respect that fibrillation is noted in a small mass of cells rather than a large mass of tissue, the present finding confirms an earlier tissue culture study (13) and is contrary to isolated papillary muscle studies (5) . The observed defibrillation may signify that it is necessary to have a large mass of tissue to perpetuate a fibrillatory condition.
A diminished frequency of firing and lower resting potential observed in the presence of 8.0 mM K is contrary to a recent finding that cells hyperpolarize between 2.7 and 15.0 mM K (3). Furthermore, Sperelakis (3) was unable to detect alterations of the resting potentials or of the magnitude and frequency of the action potentials during periods of up to 1 hr in the presence of 0.3 niM K. The apparent lesser sensitivity of these cultured heart cells (3) compared to those of the present study may be attributable to differences in culture techniques as well as to the method of altering the ionic composition of the media.
EFFECTS OF CELL DENSITY
The action potential configuration of the cultured cardiac cell may be contingent upon the mass and geometrical arrangement of the cells. The potentials recorded from sparsely populated, meshlike networks are similar in configuration to those of the AV junctional tissues in the embryonic chick heart (26) and the adult rabbit heart (5, 27) . An interesting correlation can be established between the cultured cell and junctional heart cell, since, in both instances, the cells are confined to geometrically similar areas. The occasional observation of action potentials with a notched upstroke parallels those recorded from AV nodal cells during a partial disturbance of conduction (28, 29) . These findings indicate that a similar mechanism may be ascribed to both circumstances; namely, the arrival of separate electrotonic currents at a common recording site (28) .
Previous studies (30) have found spikelike potentials to be characteristic of a small mass of cardiac tissue. However, the potentials presently recorded, from a small mass of cultured cells, are of long duration and have prominent plateaus. The presence of a markedly depressed, initial fast depolarization may prove to be responsible for the secondary changes in the remainder of the action potential. Nevertheless, geometrical factors which may influence the shape of the action potential will remain questionable until it becomes possible to record satisfactorily from isolated cardiac cells. It would be beyond the scope of the present work to speculate on how tissue geometry might affect the shape of the action potential.
Throughout the course of these experiments, attempts to record potentials routinely from isolated cells were both difficult and unsuccessful. Whether the occasional potentials of very low magnitude, also reported by others (1), were due to membrane current leakage resulting from electrode impalement or were the true potentials of isolated cells still remains to be determined. Therefore, it is conceivable that the features which characterize cellular potentials in sparse regions might arise, partly, as a consequence of "cell damage." However, if one then considers the potentials in Figure 3 , it is difficult to reconcile the fact that the potentials with markedly depressed velocity of upstroke are obtained at resting potentials almost equal to those from cells in dense areas characterized by very fast initial depolarizations.
The present data support an earlier comparison between spontaneously active tissue cultured heart cells and the adult specialized conducting tissues (13, 31, 32) . Results from cultures of newborn rat heart ventricle strongly suggest that all single muscle cells can beat spontaneously (16) . It is, therefore, pos-sible that heart cells are intrinsically endowed with rhythmic capabilities. Although tissue culture studies indicate that the heart may be composed of various percentages of "pacemaker" and "nonpacemaker" cells (13, 31, (33) (34) (35) (36) (37) (38) , visual observation of a contracting cell cannot accurately reflect the electrophysiological status of a cell, if a "nonpacemaker" is a "driven" cell. It is possible that the enzymatic cell dissociation process has a more marked effect on the contractile proteins than on the cell membrane. Furthermore, consideration must be given to the fact that the sample of cells in culture is a randomly selected fraction of the entire heart of which only a small and highly variable percentage actually attach to the culture dish, proliferate and differentiate (33, 39) . Nevertheless, this point does not preclude the use of cultured heart cells as a biological system for the study of cardiac cell function. It is, however, of interest to note that the present study has not been able to distinguish between atrial and ventricular myocardial cells, even though electrophysiological differences are present in the intact 7-day-old embryonic chick heart (26) .
